Over the last 300 years, each of the three surge-type outlet glaciers of the Drangajökull ice cap in northwest Iceland has surged 2-4 times. There is valuable historical information available on the surge frequencies since the 'Little Ice Age' (LIA) maximum because of the proximity of the surging outlets, Reykjarfjarðarjökull, Leirufjarðarjökull and Kaldalónsjökull, to farms and pastures and monitoring of these glaciers since 1931. We have reconstructed the surge history of the Drangajökull ice cap, based on geomorphological mapping, sedimentological studies and review of historical records. Geomorphological mapping of the glacier forefields reveals twice as many end moraines as previously recognized. This indicates a higher surge interval than earlier perceived. A clear relationship between the surge interval and climate cannot be established. Surges were observed more frequently during the 19th century and the earliest 20th century compared with the relatively cool 18th century and the late 20th century, possibly reflecting a lack of information rather than a long quiescent phase of the glaciers. We have estimated the magnitude of the maximum surge events during the LIA by reconstruction of Digital Elevation Models (DEMs) that can be compared with modern DEMs. As reference points for the digital elevation modelling, we used the recently mapped lateral moraines and historical information on the exposure timing of nunataks. During the LIA maximum surge events, the outlet glaciers extended 3-4 km further down-valley than at present. Their ice volumes were at least 2-2.5 km 3 greater than in the beginning of the 21st century.
Introduction
The classical definition of surge-type glaciers emphasizes a cyclic flow instability in which glaciers undergo quasi-periodic fluctuations (Benn and Evans, 2010; Harrison and Post, 2003; Meier and Post, 1969; Þórarinsson, 1964) . The active period of fast flow, the surge, lasts from a few months to several years, and the quiescent phase lasts from decades to several hundred years. A glacier surge is a dramatic event where ice velocity can be up to two or three orders of magnitude higher than the velocity of the quiescent phase (Kamb et al., 1985; Meier and Post, 1969; Sharp, 1988a Sharp, , 1988b Þórarinsson, 1964) . Non-surging glaciers experience much more stable ice flow. The flow rate can be both slow, less than 1 m/day centrally in ice sheets, and fast, tens of metres on a day in ice-streams. In contrast to surging glaciers, the dynamics of non-surging glaciers is climatically controlled, thus they respond directly to changes in their mass balance. Because non-surging glaciers respond virtually directly to mass balance (climate), their end moraines are much better proxies for climatic fluctuations than end moraines at surging glaciers (Benn and Evans, 2010) .
During a surge, ice is transported down to the glacier front from the reservoir area, sometimes resulting in a frontal advance of several kilometres (Harrison and Post, 2003; Meier and Post, 1969; Raymond, 1987) . Those drastic changes of the glacier dynamics are believed to be mainly driven by thermal and hydrological changes at the glacier bed. Initially a surge is triggered by a complex combination of internal dynamic processes and external environmental factors (Fowler et al., 2001; Kristensen and Benn, 2012; Murray et al., 2003) . Two main mechanisms have been proposed; either a threshold behaviour of underlying sediments appearing in water saturation which enhance the fast flow (Clarke et al., 1984; Kjaer et al., 2006) , or an abrupt shift from a subglacial tunnel drainage system to a linked-cavity system (Björnsson, 1998; Kamb, 1987; Kamb et al., 1985) . Surges can be fast (velocity of several kilometres per year) or slow (velocity of a few tens of metres per year), and they occur in both temperate and polythermal glaciers. Polythermal glaciers typically experience an active phase lasting 3-10 years, while the active phase of temperate glaciers is often 1-2 years in Alaska and Iceland (Dowdeswell et al., 1991; Frappé and Clarke, 2007; Murray et al., 2003) . The duration of the quiescent phases can be more variable within regions, for example, 30-500 years in Svalbard, and commonly 20-30 years elsewhere (Frappé and Clarke, 2007; Meier and Post, 1969; Sund et al., 2009) . The return period of surges has been considered to be strongly linked to glacier mass balance (Dowdeswell et al., 1995; Eisen et al., 2001; Hewitt, 2007; Striberger et al., 2011) .
Because of the proximity of many Icelandic settlements to non-surging and surging glaciers, valuable written records document the recurrence and nature of their fluctuations during historical time (Eyþórsson, 1935; Þórarinsson, 1969) . Furthermore, annual glacier-front variations of many Icelandic outlets have been directly monitored since the early 1930s (Eyþórsson, 1963; Sigurðsson, 2011 ). An overview of Icelandic surges was first given by Þórarinsson (1964, 1969) . He concluded that about 40% of the Vatnajökull ice cap was affected by surges. The surging outlets are commonly characterized by a flat surface and drained into wide, shallow spoon-shaped basins. Furthermore, he considered basal water likely to have a lubricating effect during surges of Vatnajökull. Later, Björnsson et al. (2003) reviewed the surges in Iceland and concluded that surges affect about 75% of Vatnajökull.
The surge return period of Vatnajökull surging outlets is from a few years up to more than a century, and most surging glaciers in Iceland do not experience regular surge periodicity (Björnsson et al., 2003) . A surge process, often lasting 2-3 years, starts with glacier surface velocity acceleration, and subsequently a surge bulge travels down-glacier usually resulting in an abrupt marginal advance which terminates after few months (Björnsson et al., 2003; Fischer et al., 2003; Pálsson et al., 1992) . On the other hand, the marginal advance during surges of small cirque glaciers in north Iceland and outlets of the Drangajökull ice cap in northwest Iceland last at least for 3-6 years (Brynjólfsson et al., 2012; Eyþórsson, 1963; Þrastarson, 2006) .
Ice caps in Iceland have developed under different climatic conditions: from the relatively warm and humid southeast coast adjacent to Vatnajökull to the cooler and drier northwest peninsula hosting the Drangajökull ice cap (Figure 1 ; Björnsson et al., 2003; Þórarinsson, 1964 . Surface velocities have been estimated for extensive areas from satellite data, obtained from InSAR and SPOT (Fischer et al., 2003; Magnússon et al., 2005) . In the maritime climate of Iceland, glaciers respond actively to climate, all glaciers are considered warm based (Björnsson, 1979; Björnsson and Pálsson, 2008) , and any surge mechanism for the Icelandic glaciers that relies on a thermal transition was excluded by Björnsson et al. (2003) .
The 'Little Ice Age' (LIA) is generally defined as the period AD ~1300-1900 in Iceland (Miller et al., 2010) . However, reconstructions of glacier fluctuations have revealed several extensive glacier advances at least since the 12th century (Grove, 1988 (Grove, , 2001 ; Kirkbride and Dugmore, 2006, 2008; Ogilvie and Jónsson, 2001; Pálsson et al., 2012; Schomacker et al., 2012) . Pin pointing an accurate timing of the LIA maximum in Iceland is difficult. Timing of the local LIA glacial maximum extent differs by centuries in Iceland according to various proxies (Chenet et al., 2010; Grove, 1988 Grove, , 2001 Kirkbride, 2002; Kirkbride and Dugmore, 2008) . Many Icelandic glaciers seem to have reached their maximum extent during the LIA, approximately between AD 1700 and 1900 (Grove, 1988; Kirkbride and Dugmore, 2008; Larsen et al., 2011 Larsen et al., , 2013 .
The aim of this paper is to review and synthesize historical surge descriptions from Drangajökull and to place them in a climatic and glacier dynamical context. The historical records from the region date back to the 16th century at least. Geomorphological and sedimentological studies were carried out around Drangajökull in order to reconstruct the recent glacial history from field-based evidence and assess the accuracy of the historical records (Brynjólfsson et al., 2014) . We also aimed to quantify minimum ice volume changes during the LIA using geomorphological data and digital elevation models (DEMs).
Setting
The Drangajökull ice cap is located on the Vestfirðir peninsula in northwest Iceland (Figure 1 ). The oldest reliable size estimation is about 200 km 2 , derived from a mapping campaign of the Danish army in 1913-1914 (Þórarinsson, 1943, 1958) . Based on a recent aerial photograph study and geomorphological mapping, its maximum size during LIA has been estimated to about 190 km 2 (Sigurðsson et al., 2013) or 216 km 2 (Brynjólfsson et al., 2014) . The size of Drangajökull has been estimated relatively stable at 150-160 km 2 since the 1930s (Björnsson, 1979; Eyþórsson, 1935; Þrastarson, 2006) , but recent measurements of its size have given 146 km 2 in 2004 (Sigurðsson et al., 2013) and 142 km 2 in 2011 (Jóhannesson et al., 2013) .
Drangajökull, as all other Icelandic glaciers, is considered to be warm based at present (Björnsson et al., 2003) . The ice cap reaches about 920 m above sea level (a.s.l.) with more than 70% of its surface area located above 600 m a.s.l. The mean equilibrium line altitude (ELA) of Drangajökull is about 550-650 m a.s.l. (Björns-son and Pálsson, 2008; Eyþórsson, 1935) . The net mass balance was first measured in [2004] [2005] , and was positive (Sigurðsson, 2006) . Unpublished data indicate positive mass balance some years during the last 10 years (Oddur Sigurðsson, 2012, personal communication) . This is in great contrast to the negative mass balances, and ELAs above 1000 m a.s.l. on the other major ice caps in Iceland since 1995 (Björnsson and Pálsson, 2008) . These unique conditions of Drangajökull, in comparison with other ice caps in Iceland, reflect low summer temperature and high precipitation in the area, which are considered to be amplified by the proximity to Greenland and the cold polar East Greenland Current (EGC; Bergþórsson, 1969; Eiríksson et al., 2000; Geirsdóttir et al., 2002; Ingólfsson et al., 1997; Ogilvie, 1984; Stefánsson, 1969) .
The regional climate around Drangajökull is characterized by cool summers with average temperature (June-September) of 6-8°C and mean annual air temperature of 2.5-4°C (Einarsson, 1976; Hanna et al., 2004; The Icelandic Met Office, 2014a) . Yearly average precipitation is about 1100 mm on the coast northeast of the ice cap and about 580 mm on the coast southwest of the ice cap (Crochet et al., 2007; Einarsson, 1976; The Icelandic Met Office, 2014b) . Contrastingly, the average annual precipitation on the ice cap has been modelled to 2500-3000 mm/yr for the period 1971-2000 (Björnsson and Pálsson, 2008; Crochet et al., 2007) . One of the longest temperature records, from Stykkishól-mur about 13 m a.s.l. in western Iceland (Figure 1) , indicates a 1-2°C increase of annual average temperature since AD ~1800 (Grove, 1988; Guðmundsson, 1997; Hanna et al., 2004) . About 80% of the annual precipitation in Iceland falls in SeptemberMay, and is mainly received as snow in higher elevations of the ice caps (Björnsson, 1979) . Prevailing winds from northeast during winter considerably affect the snow accumulation, as reflected in perennial snowfields that almost only persist on the lee sides for the northeast winds (Brynjólfsson et al., 2014) .
The ice cap is mainly drained by three surge-type outlet glaciers: in Reykjarfjörður to the northeast, in Leirufjörður to the northwest and in Kaldalón to the west (Figure 1 ). They have been reported to have surge duration from 3 to 6 years, and a surge interval of 50-140 years (Eyþórsson, 1963; Þrastarson, 2006) .
The three outlets are all currently in their quiescent phases. Since the LIA maximum extent, they have retreated by 3000-4000 m. The outermost end moraines were formed by surges in the 18th and mid-19th centuries which were their maximum extent during LIA (Eyþórsson, 1935; Sigurðsson and Williams, 2008; Þórarinsson, 1943; Thoroddsen, 1933 Thoroddsen, , 1958 . In Kaldalón, two additional end moraines distal to the LIA moraines have been dated to Younger Dryas and Neoglacial ages (Principato, 2008; Principato et al., 2006) . Annual marginal positions of the three surging outlets have been measured since 1931 (Eyþórsson, 1963; Sigurðsson, 1998 Sigurðsson, , 2011 . Their two last surges are therefore temporally and spatially well documented.
Data and methods

Fieldwork, aerial photographs and DEM
Fieldwork was carried out during the summers of 2011, 2012 and 2013 with focus on Reykjarfjarðarjökull, Leirufjarðarjökull and Kaldalónsjökull (Figure 1 ). Landforms and sediments in front of the glaciers were mapped, described and interpreted (Brynjólfs-son et al., 2014) . Samples of peat and tephra for dating of glacial landforms and sediments were also collected from a moraine section in Leirufjörður. The 14 C ages of the peat samples were calibrated with IntCal09 according to Reimer et al. (2009) ; the 14 C samples were processed at the Ångström Laboratory, Uppsala University, Sweden. The geochemistry of the tephra layer was analysed at the University of Copenhagen, Denmark, using a JEOL Super probe JSL 8200 with an acceleration voltage of 15 kV, a 10-nA beam current and a beam diameter of 7 µm. In addition to natural and synthetic minerals, glass standards (K22_ ATHO and K15_KL2) were used as standards. The geomorphological overview of Brynjólfsson et al. (2014;  
Historical records of glacier fluctuations
Some of the fluctuations of Drangajökull in the last four to five centuries are known from written sources (Eyþórsson, 1935 Thoroddsen, 1933 Thoroddsen, , 1958 . Farmers that lived in the vicinity of the glaciers were conscious about their fluctuations, and information was recorded in local annals and church books. Two particularly valuable surveys on glacier fluctuations of Drangajökull in the last three centuries exist. Thoroddsen (1933 Thoroddsen ( , 1958 and Jóhannesson and Jónsson (2012) recorded information on glacier fluctuations given by local residents during Thoroddsen's exploration in 1886-1887. Eyþórsson (1935) explored fluctuations of Drangajökull and installed markers for measurements of glacier margin positions on some of the outlets in the year 1931. Furthermore, some ambiguous information on glacier fluctuations extending back to the late Middle Ages was summarized by Þórarinsson (1943) . Since Eyþórsson's (1935) initiative, the Icelandic Glaciological Society (IGS) has measured frontal fluctuations of glaciers in Iceland since the 1930s, published in semi-annual reports in the journal Jökull (e.g. Sigurðsson, 2000 Sigurðsson, , 2011 .
Reconstruction of the surge history and interval
The reconstruction of the surge history of the Drangajökull ice cap is based mainly on the recently produced geomorphological maps (Brynjólfsson et al., 2014) and a review of historical data. End moraines and lateral moraines were of special interest. They were surveyed on the aerial photographs and localized in the field with GPS (Garmin GPSMAP 62sc) with a horizontal accuracy of ±3 m. The distances between each end moraine were measured on the aerial orthophotographs using the Geographical Information System (GIS), Esri ArcMap 10.
Some moraines are of known age and relate to the recorded surges (Björnsson et al., 2003; Eyþórsson, 1935; Þórarinsson, 1969; Thoroddsen, 1933 Thoroddsen, , 1958 , while the exact ages of other moraines are not known, but they are assumed to have formed in colder periods (Eyþórsson, 1935) . Organic material or tephra for absolute dating of the moraines is very limited, but we were able to constrain the age of two moraines by absolute dating.
Furthermore, we constrained a relative age of the undated additional moraines that were mapped by Brynjólfsson et al. (2014) . This was done by using the historical data and correlating moraines of unknown age with moraines of known age and a mean retreat rate in certain periods.
Reconstruction of the maximum surge conditions during LIA
The lateral moraines of the Drangajökull surging outlet glaciers formed along the valley slopes during the LIA maximum extent provide a reference height for the ice surface and maximum ice thickness at that time. Lateral moraines are characteristic along the margins of outlet glaciers confined by valleys and considered to demonstrate the ice thickness during advance or steady state (Benn and Evans, 2010; Hannesdóttir et al., 2015) . In case of absence on one of the sides, the elevation of a lateral moraine on the other side of the valley was used for reconstruction of the absent moraine. The area of each of the three surging outlets was also estimated, based on their approximate ice divide location, identified on shaded relief LiDAR derived DEM, and the LIA maximum moraines.
The nunatak, Reyðarbunga, located about 800 m a.s.l. in the accumulation area of Reykjarfjarðarjökull proximal to the ice divide (Figure 1 ), provides valuable information on minimum ice thinning in the reservoir areas of the surging outlet glaciers, since its exposure in the first decade of the 20th century (Eyþórsson, 1963) . When producing the LIA maximum DEMs, we used the approximate 50-m ice thinning around Reyðarbunga since ~1910 as fixed thinning for the reservoir areas since LIA maximum. The outlet tongues are better constrained using the lateral moraines extending adjacent to their margins as reference height.
The DEMs representing the LIA maximum ice conditions were produced in GIS. First, a grid of points with given coordinates and elevation was produced, with emphasis on the lateral moraines. The ice surface topography was assumed flat between the lateral moraines of the outlet tongues. The DEMs were processed using an ArcGIS 3D extension, where the point grids were interpolated using natural neighbour as interpolation method. Finally, the DEMs were compared with the LiDAR derived DEM enabling estimations of ice thickness and volume changes of the surging outlets between the LIA maximum extent and 2011.
Historical record of glacier variations and surges
End moraines formed since the LIA maximum were recently mapped by Principato (2008) and Brynjólfsson et al. (2014) . Four moraines occur in Reykjarfjörður, six in Leirufjörður, and six in Kaldalón. The number of end moraines is not in agreement with the number of recorded surges of the outlet glaciers as read from historical records. They document two surges in Reykjarfjörður, four in Leirufjörður and four in Kaldalón (Björnsson et al., 2003; Sigurðsson, 1998; Þórarinsson, 1969) . By mapping the geomorphology, more advances have been identified compared with what is known from the surge record during the last c. 300 years. 
Reykjarfjarðarjökull
The Reykjarfjarðarjökull outlet advanced abruptly in 1837 (Jóhannesson and Jónsson, 2012; Thoroddsen, 1933) and reached its LIA maximum position about AD 1846 (Eyþórsson, 1935; Þórarinsson, 1943; Thoroddsen, 1933) . Based on Thoroddsen's (1933) descriptions of this sudden advance and of the subsequent geomorphological characteristics, this event is concluded to have been a surge (Björnsson et al., 2003; Þórarinsson, 1969) . The glacier front was described as steep and high, pushing and overriding older moraines and fluvial material, and finally forming a distinct end moraine, which in this study is referred to as Moraine 1 (Figure 2 ; Thoroddsen, 1933 ). An associated lateral moraine is partly preserved along the valley slopes (Brynjólfsson et al., 2014; Eyþórsson, 1935) .
Initially after the surge termination, the glacier melt was characterized by surficial thinning and no distinct frontal retreat. A total of 8-9 years later, the glacier had thinned considerably and separated by 10-20 m from Moraine 1. The glacier retreated quickly about 1400 m in the period until 1886 (Thoroddsen, 1933) . At that time, the valley floor was covered by sandur deposits, and there were deep ponds located between gravelly hillocks indicating dead-ice melting (Jóhannesson and Jónsson, 2012; Thoroddsen, 1933) .
Moraine 2 is situated about 800 m proximal to Moraine 1, formed after at least 600-m advance of the ice front ( Figure 2 ). An exact timing of its formation is unknown. Eyþórsson (1935) assumed it formed about 1860-1870 as a response of the glacier to colder climate in that period. As Thoroddsen only recorded Moraine 1 in the year 1886 and according to known surge activity of the glacier, we assume that Moraine 2 was formed by surge rather than as direct response to a period of cooler climate. The third moraine, located about 800 m inside Moraine 2, was formed by a surge in 1934 -1939 (Björnsson et al., 2003 Þórarinsson, 1969) . Notably, Eyþórsson (1935) described a moraine at a similar location during his exploration in 1931 and measured the glacier margin being located about 870 m up-valley from that moraine. Therefore, we assume the surge in 1934-1939 was at least the fourth advance since the glacier reached its LIA maximum extent in 1846; the associated moraine is hereafter referred to as Moraine 4, and the moraine that Eyþórsson (1935) described referred to as Moraine 3 (Figure 2 ). The annual glacier-front measurements indicate an advance of 830 m during the surge in 1934 -1939 (Eyþórsson, 1963 . 
Leirufjarðarjökull
Leirufjörður is an about 6-km-long valley orientated NW-SE. The flat valley floor is mostly covered with fluvial sediments. The 600 m closest to the present glacier margin are gently inclined slopes reaching elevations of about 200 m a.s.l. at the glacier margin, characterized by ice sculpted bedrock protruding through a coarse-grained subglacial till. The farm Öldugil (Figure 3c ) was abandoned in the 15th-16th century because of deteriorating farmland related to expansion of the glacial rivers and the advancing glacier (Magnús-son and Vídalín, 1710) . No landforms can be correlated with the historical records earlier than approximately AD 1700.
In the late 17th century or at about AD 1700, the farm Öldugil was overridden during a rapid advance of the glacier (Magnússon and Vídalín, 1710; Thoroddsen, 1933 Thoroddsen, , 1958 . The associated glacier marginal position, Moraine 1 (Figure 3) , is represented by one moraine segment about 3100 m distal to the glacier-front position in 2011. Moraine 1 is not dated, but by correlating the historical information and the geomorphological imprints, we consider it to have formed in the glacier surge about AD 1700.
Moraine 2 formed approximately AD 1840, just proximal to Moraine 1 (Eyþórsson, 1935; Thoroddsen, 1933 Thoroddsen, , 1958 . The local farmers informed Thoroddsen (1933) that the glacier margin was at Moraine 2 approximately AD 1837-1847. This correlates with tephra and organic material that were dated from glaciotectonized sediments within Moraine 2, indicating formation no earlier than AD 1693 and at latest about AD ~1840 (Figure 4) . The geochemical analyses show that the tephra layer originates from the Hekla volcano (Gudmundsdóttir et al., 2011; Larsen and Eiríksson, 2008; Larsen et al., 1999 ; Figure 4 and Appendix 1). Based on chemistry, the 14 C dates and distribution of known tephra layers from Hekla, this tephra layer is correlated to the Hekla eruption in AD 1693 (Dugmore et al., 2007; Larsen, unpublished data; Þórarinsson, 1968) . The 14 C samples were dated to: Ua-46081 199 ± 30 cal. BP, Ua-46082 111 ± 30 cal. BP and Ua-46083 1211 ± 30 cal. BP.
We consider sample Ua-46083 an outlier. It could possibly be due to old, organic material that has been displaced and reworked by the glaciotectonic deformation.
Heavily deformed sediments within Moraine 2 are exposed in a 10-m-wide and a 3-m-high river cut section. The unit FPT (Fine-Peat-Tephra) is deformed fine sediments, mostly silt to sand, with folded layers of tephra and peat (Figure 4 ). The units Fine 1 and Fine 2 both consist mainly of silt and sand with thin lenses of clay and fine gravel; the main difference is more deformation and no preservation of sedimentary structures in Fine 1. Pockets of massive gravel are found in the upper parts of the section and a massive diamict, interpreted as till, occurs on the proximal side of the moraine.
The glaciotectonically deformed sediments resemble descriptions of end moraines formed during surges of large Vatnajökull outlet glaciers (Benediktsson et al., 2008 (Benediktsson et al., , 2009 which suggest that this moraine was formed during a surge. Furthermore, all the observed advances of Leirufjarðarjökull were abrupt (Eyþórs-son, 1935; Thoroddsen, 1933 Thoroddsen, , 1958 and subsequently interpreted as surges (Björnsson et al., 2003) . The appearance of Moraine 2 corresponds well to Thoroddsen's (1933 Thoroddsen's ( , 1958 descriptions, and an associated lateral moraine is partly preserved along the valley slope (Brynjólfsson et al., 2014; Eyþórsson, 1935) . Thoroddsen (1933 Thoroddsen ( , 1958 described four distinct horseshoe shaped moraines, here referred to as Moraine 2-Moraine 5, located within about 1000-m distance from the glacier in 1887. The glacier snout was steep and heavily crevassed and icebergs had been falling off the margin few years earlier. In 1887, the glacier had just separated by a few tens of metres from Moraine 5. Judging from those descriptions, we conclude that the glacier surged a few years before, probably around AD 1880-1885. Thoroddsen (1933 Thoroddsen ( , 1958 did not describe the location or age of Moraines 3 and 4, but their locations have been mapped and described recently (Brynjólfsson et al., 2014; Principato, 2008) . The exact ages are unknown, but their relative ages are confined by Moraine 2 and Moraine 5. Eyþórsson (1935) described a moraine about 330 m proximal to Moraine 5. His observation was supported by his local guide who confirmed the glacier position at the moraine approximately in the year 1898. This moraine, Moraine 6, is not recognizable at present but its location can be approximated from Eyþórsson's (1935) data. The location of Moraine 6 is marked as an ice marginal position in 
Kaldalónsjökull
Kaldalón, orientated approximately NE-SW, is an about 8-km-long glacially carved valley. Fluvial sediments dominate on the flat valley floor which is confined by steep 300-to 500-m-high mountain slopes. Advances and retreats of the outlet glacier Kaldalónsjökull in earlier centuries are recorded in historical documents and considered to have caused abandonment of at least two farms before AD 1700 (Magnússon and Vídalín, 1710; Thoroddsen, 1933 Thoroddsen, , 1958 . These fluctuations are most likely reflected in a pit section on the distal side of Moraine 1 (Figure 5 ). There, 15-to 35-cm-thick layers of fine, massive gravel and sand are interbedded with a sequence of peat and soil ( Figure 6 ). The clast supported sand and gravel layers are interpreted as glaciofluvial sediments. The soil layers are massive and consist of organic material and small amounts of minerogenic sediments of grain size from clay to fine sand.
A natural meadow, of a size which 'took 12 men to harvest over a summer', was abruptly overrun by an advancing glacier about 20 years before an official survey of the area was conducted in 1754 (Eyþórsson, 1935; Ólafsson and Pálsson, 1772; Þórarins-son, 1943; Thoroddsen, 1933 Thoroddsen, , 1958 . A corresponding distinct moraine occurs about 3400 m distal to the marginal position in 2011, referred to as Moraine 1 in this study. It has been considered as the first historically confirmed surge of Kaldalónsjökull, occurring approximately AD ~1740 (Björnsson et al., 2003; Sigurðs-son, 2005; Þórarinsson, 1969) . Thoroddsen (1933 Thoroddsen ( , 1958 described three arc-shaped moraines in front of the glacier, observed during his travels in 1887. Similar to Leirufjörður, he described a steep, 120-to 150-m high and heavily crevassed glacier snout. Distal to Moraine 1, he described an old vegetated moraine, dated to Younger Dryas age by Principato et al. (2006) . A poorly conserved lateral moraine occurs on the southern valley slope, between Moraine 1 and Moraine 3. However, its terminal position is impossible to locate on the valley floor, and is therefore only marked with a dashed line in Figure 5 . Moraine 3 is located about 1200 m up-valley from Moraine 1. At present, it is recognizable as a 1-to 4-m high, discontinuous, gravel ridge on the valley floor near the southern valley slope, and as a lateral moraine along the southern valley slope. The age of Moraines 2 and 3 is unknown, but a relative age is provided by Moraine 1 and Moraine 4, that is, between AD ~1740 and 1860.
Moraines 4, 5 and 6, described below, are not recognizable anymore, because of a 1998 outburst flood in the glacial river Mórilla, which drains Kaldalónsjökull (Sigurðsson, 2000) . The river transported icebergs of many metres in diameter 2-3 km down-valley and deposited an 8-to 10-m thick sheet of coarsegrained gravel on the valley floor distal to the glacier margin. A thinner sheet of gravel was deposited to about 1 km down-valley. Thoroddsen (1958) described a moraine, referred to as Moraine 4 in this study, about 700 m up-valley from Moraine 3 ( Figure 5 ). At that time, the glacier margin was located 400-500 m up-valley from Moraine 4. Local residents informed Thoroddsen that the glacier was positioned at Moraine 4 about 20-30 years before his visit, that is, approximately in the year 1860 (Eyþórs-son, 1935; Thoroddsen, 1933 Thoroddsen, , 1958 . Eyþórsson (1935) described this moraine as a distinct ridge on the southern side of the valley floor in 1931. It is not recognizable at present, but its location can be approximated from correlating the Iceland Glaciological Society (IGS) ice marginal measurements and measurements from Thoroddsen (1933 Thoroddsen ( , 1958 and Eyþórsson (1935) .
Moraine 5 is located about 750 m up-valley from Moraine 4, but is not recognizable at present. Eyþórsson (1935) described it as conical mounds of boulders about 5 m in height in 1931, marking a still stand of the glacier margin because of relatively cold summers in 1920-1925. The margin had retreated about 100 m from Moraine 5 in 1931. Because of this and the fact that it generally takes at least few years before the margin and a moraine separate at Drangajökull, we consider that it was formed during a surge 10-15 years before Eyþórsson's survey in 1931.
The glacier surged 191 m in the years 1936 -1940 (Eyþórs-son, 1963 . Only the associated lateral moraines are recognizable. However, the terminal position, referred to as ice marginal position (Moraine 6), was easily established about 120 m upvalley from Moraine 5 by using the IGS glacier-front measurements. The glacier retreated about 1500 m in the following 55 years until 1995.
Moraine 7 was formed during the surge in 1995-1999 when the glacier advanced about 1015 m. A total of 4 years after the surge termination, in 2003, the margin started to retreat and has retreated about 290 m until 2013.
Two additional lateral moraines have recently been mapped between Moraine 6 and Moraine 7 (Brynjólfsson et al., 2014) . No corresponding terminal moraines exist for exact marginal delimitation. The IGS data report minor advances or still stands in 1948-1951 and 1967-1973 ; the snout was described relatively flat and smooth and not surging at those times. The lateral moraines might have formed during those periods. Since Kaldalónsjökull reached a maximum extent during LIA, it has retreated about 3400 m and experienced at least six surges.
Surge interval and the maximum conditions during LIA
Surge interval
The surge intervals are summarized in Table 1 . It appears that the surges are non-synchronous between the three outlets Reykjarfjarðarjökull, Leirufjarðarjökull and Kaldalónsjökull. The surge interval varies from 10 to 140 years. (Dugmore et al., 2007; Larsen, unpublished data; Þórarinsson, 1968) . (c) Overview of Moraine 2; white dashed lines define the moraine crest and the cleaned section wall in Figure 4a .
The 140-year long quiescent phase in Leirufjörður, from AD 1700 to 1840 is in contrast to the shorter surge interval in other periods for all the three glaciers. No information exists from this period between the formation of Moraine 1 and Moraine 2. All older geomorphological features appear to have been removed by the ~1840 advance.
The quiescent phase seems to be generally shorter in the 19th century and the beginning of the 20th century. This could relate to lower average temperatures (Figures 2, 3 and 5) in the period and thus potentially a shorter recovery time of the reservoir areas to build up for a new surge, either related to less melting during the ablation season or more accumulation during winters, or a combination thereof.
The quiescent phase is about 50-60 years between the most recent surges. This is longer than before the 1940s surges in Reykjarfjörður and Leirufjörður. The longer quiescent phase coincides with increased mean annual air temperature by 1°C at the Stykkishólmur weather station after ~1920 compared with the period ~1850 to ~1920.
Maximum extent during LIA
We have mapped the maximum area of the Drangajökull ice cap to about 216 km 2 during LIA, compared with about 142 km 2 at present (Jóhannesson et al., 2013) . The whole area for each of the three surging outlets was also mapped and compared (Table 2 ). Lateral moraines occur along the valley slopes of the three glaciers. They are located up to 240 m above the valley floor, revealing the minimum ice thickness at the time of formation. Beyond presently glaciated areas, the ice has been thickest just where the valley floors start to rise in elevation, generally half way between the present margins and the moraines formed during maximum extent in LIA. The ice has thinned towards the LIA maximum end moraines (Figure 7) . Based on the lateral moraines, we produced a DEM representing maximum glacier conditions for each outlet glacier during LIA. Reconstructing any topographical details of the maximum ice surface is difficult, as it is only based on the lateral moraines and the present surface topography. Therefore, we assumed a flat ice surface between the lateral moraines for the DEMs. This gives an approximation of the ice thickness during the LIA and, hence, approximate volume changes since the maximum conditions during LIA.
The only reference we have on surface elevation change for the presently glaciated areas, prior to the first aerial photos in 1945, is the exposure time of the nunatak Reyðarbunga (Figure  1 ), in the first decades of the 20th century. The nunatak is said to have protruded 1-2 m through the ice surface until at least 1931, and subsequently towered about 100 m above the ice surface approximately in 1960 (Eyþórsson, 1963) . This great change in the period 1931-1960 coincides with the surge of Reykjarfjarðar-jökull 1936-1940 and a relatively warm period (Figure 2) . We conclude that this dramatic deglaciation of the nunatak is mainly a result of the surge in 1936-1940, when ice was transported from the reservoir area down to the ablation area. At present, Reyðar-bunga reaches at maximum 50-65 m above the glacier surface at its down-glacier side. The up-glacier side is covered by snow and ice of similar height as the summit of the nunatak. Thus, the surface elevation has increased by 35-50 m in this place since 1960. According to this, we used ~50 m as a minimum ice thinning since the LIA maximum of the reservoir areas in the presently glaciated areas of the surging outlets.
Comparison of the DEMs, representing maximum conditions during LIA, with the LiDAR derived DEMs from 2011 shows a significant ice volume loss. Reykjarfjarðarjökull has lost about 2.5 km 3 between 1846 and 2011, Leirufjarðarjökull has lost about 2.2 km 3 and Kaldalónsjökull about 2.1 km 3 (Table 2) . Both the decrease in area and thickness of the surging outlets are considered strongly related to the general warming trend since the glaciers experienced their maximum extent during LIA.
Discussion
Surge activity prior to the maximum extent during LIA is challenging to reconstruct. No geomorphological imprints or precise descriptions in the historical information can confirm surges prior to the LIA. However, the historical data provide information on advances and retreats of the outlets prior to the LIA maximum extent. In general, glaciers in Iceland are considered to have been growing during the 17th and 18th centuries (Magnússon and Vídalín, 1710; Sigurðsson, 2005; Þórarinsson, 1943) . Around Drangajökull, farmlands were deteriorating in the forefields of the three surging outlets, Reykjarfjarðarjökull, Leirufjarðarjökull and Kaldalónsjökull, which were destroying pasture areas. Farms were abandoned in all of the valleys because of the approaching glaciers and the braided glacial rivers which were constantly changing courses (Magnússon and Vídalín, 1710; Ólafsson and Pálsson, 1772; Þórarinsson, 1943) . According to the directly observed surge history of Drangajökull since the maximum extent in LIA, we consider it most likely that the potential advances which the three surging outlets experienced, during late Holocene, prior to the LIA maximum extents were also surges. Proglacial lake sediment records from Eyjabakkajökull indicate that this Vatnajökull outlet glacier has been experiencing surges prior to the LIA, back to c. 2000 yr BP (Striberger et al., 2011) . Hence, surge behaviour of Icelandic glaciers is not necessarily confined to the LIA. Principato (2008) concluded that the Drangajökull outlets reached their Holocene maximum size in Neoglacial time. This is most likely true for Reykjarfjörður and Kaldalón, but we have not been able to confirm this in Leirufjörður. Principato et al. (2006) used 36 Cl cosmogenic exposure dating to date the furthest end moraine in Leirufjörður, Moraine 2, which marks the glacier maximum extent during the LIA. Only one rock sample provided a measureable amount of 36 Cl, dating to about 4500 yr BP. Our results do not agree with this conclusion. We dated tephra and organic material from within the moraine (Figure 4 ), indicating formation of Moraine 2 no earlier than AD 1693 and no later than AD 1850. Thus, the Holocene maximum extent seems to have been reached twice, and is represented by Moraine 1 and Moraine 2 in Leirufjörður, formed AD ~1700 and ~1840.
However, in Reykjarfjörður we have mapped two diffuse terminal moraines 200-300 m distal to Moraine 1, the LIA maximum position, indicating a more advanced Holocene position of Reykjarfjarðarjökull as suggested by Principato (2008; Brynjólfs-son et al., 2014) .
Furthermore, two moraines distal to Moraine 1 (LIA maximum extent) in Kaldalón confirm maximum glacier extent during the Holocene prior to the LIA maximum extent (Brynjólfsson, 2014; Eyþórsson, 1935; Principato, 2008; Thoroddsen, 1933) . The furthest is dated to Younger Dryas age, by 36 Cl cosmogenic exposure dating. The other moraine has a minimum age of 2600 yr BP, indicated by three radiocarbon datings from peat on top of the moraine (Principato, 2008) . We explored a 2-to 3-m-high river cut section in a peat bog, just in front of and below the second moraine (Figure 6 ). The peat and soil are interbedded with sand and gravel layers which we interpret as deposited by a glacial river braiding on the valley floor.
Surge history
Reykjarfjörður surge history. Thoroddsen (1933) described deep ponds sitting between gravelly hills and hillocks interrupting the 1400-m-long, flat sediment plain between Moraine 1 and the glacier margin in the year 1886. His description of this hummocky surface indicates downwasting of stagnant ice after the surge termination approximately AD 1846. Such dead-ice environment is characteristic for surging glaciers during the quiescent phase, in line with the landsystems model of Rea (1999, 2003) . We only observed a small patch of hummocky moraine close to the present margin of Reykjarfjarðarjökull (Brynjólfsson et al., 2014) . Apparently, the last surge in 2002-2006 did not produce enough debris-rich dead-ice for the formation of any major hummocky moraine in the area. We concur with Þórarinsson (1969) and Björnsson et al. (2003) that Moraine 1 was formed by a surge and consider that Thoroddsen's (1933) description of the hummocky terrain supports that conclusion.
The exact ages of Moraine 2 and Moraine 3 remain unknown ( Figure 2 ). As Thoroddsen (1933) Thoroddsen (1933) described gravelly hills, heap of rocks and ponds in between, and we do not exclude the possibility that he did not observe all moraines. However, Eyþórs-son (1935) considered Moraine 2 to be formed prior to Thoroddsen's exploration, during a cold period in 1860-1870. We consider this unlikely because all the observed advances of the outlets were surges, and furthermore, we can confirm that Thoroddsen's descriptions of the moraines are reliable. Moraine 3 must have formed after 1914. The Ordinance Survey map from 1914 located the glacier margin about 100 m further down-valley than Moraine 3. Eyþórsson (1935) considered Moraine 3 to have been covered by the glacier at that time, which we find unlikely as it would probably have been eroded away, or at least deformed considerably, by the glacier. Moraine 3 was described by Eyþórsson (1935) to constitute an about 9-m high, distinct ridge, formed prior to 1931; it has only been explored and described by Eyþórsson (1935) . Consequently, we assume it was either buried by glaciofluvial sediments or eroded by the glacial river during the next surge in 1935-1939 which formed Moraine 4 at a similar location (Figure 2) . The 1935-1939 surge is of specific interest because of its halt in 1937 when the margin retreated 27 m, and advanced again 57 and 2 m in the next 2 years (Eyþórsson, 1963) . Its pause and restart remain unexplained, but could suggest two-phased surge wave reaching the ice front.
Leirufjörður surge history. Thoroddsen (1933 Thoroddsen ( , 1958 described steep, high and crevassed glacier snouts both in Kaldalón and Leirufjörður during his exploration in 1887. In Leirufjörður, local residents reported 'icebergs' collapsing from the glacier margin a few years prior to Thoroddsen's exploration (Eyþórsson, 1935; Thoroddsen, 1958 ). This indicates a major advance or surge of the glacier few years prior to Thoroddsen's (1958) survey. An exact timing of this advance is unknown, but we suggest the glacier surged approximately in the years 1880-1885 and formed Moraine 5. Moraine 3 and Moraine 4 are indistinct fluvially eroded gravelly ridge segments not providing any tephra or organic material for dating; their age is confined by Moraine 2 and Moraine 5. Eyþórsson (1935) described a moraine, Moraine 6, about 330 m proximal to Moraine 5. The glacier frontal position was reported at Moraine 6 approximately in the year 1898. This suggests a period with average surge intervals of 10 years in the years ~1840 to ~1898.
One could consider that 10 years would be an interval too short for mass build-up within the reservoir area so as to enable five surges in about 58 years. However, such high surge recurrence is also reported from some outlets of the large ice caps in central and south Iceland (Björnsson et al., 2003; Johnson et al., 2010) . We do not have information on the ice dynamics in the 140-year period between the formation of Moraine 1 and Moraine 2. All older geomorphological features appear to have been removed by the ~1840 advance. The surge interval could have been similar in the period AD 1700-1840.
Heavily deformed sediments have been described in end moraines formed during surges of Brúarjökull and Eyjabakkajökull, surging outlet glaciers of northern Vatnajökull. The characteristic glaciotectonic deformation structures in tephra and fine sediments are considered strongly related to surge behaviour, although they cannot be considered diagnostic for surges alone (Benediktsson et al., 2008 (Benediktsson et al., , 2009 . Moraine 2 in Leirufjörður consists of heavily glaciotectonized sediments (Figure 4 ) that strongly resemble descriptions of the moraines from Brúarjökull and Eyjabakkajökull. This and the observed surge behaviour of the glacier supports the conclusion of Þórarinsson (1958) and Björnsson et al. (2003) that Moraine 2 was formed by a surge.
Kaldalón surge history. An area with pitted sandur and hummocky moraine, indicating melting of stagnant ice, on the proximal side of Moraine 1 has been mapped in Kaldalón (Brynjólfsson et al., 2014; John and Sugden, 1962) . We consider it to support earlier conclusions (Björnsson et al., 2003; Þórarinsson, 1969) , that Moraine 1 in Kaldalón was formed by a surge. The exact ages of Moraines 2 and 3 are unknown, but confined by the surges in AD ~1740 and ~1860 ( Figure 5 ).
Similar to Leirufjörður, the glacier snout was steep, high and crevassed during Thoroddsen's visit in 1887. However, no end moraine was recognizable proximal to the 1887 ice marginal position, during our fieldwork in 2013. Thoroddsen's (1933 Thoroddsen's ( , 1958 description of the glacier snout could indicate recent or active surge about the time of his exploration in 1887. Eyþórsson (1935) discussed discernible lateral moraines on the southern valley slope which we correlate with surge activity. He concluded that the lateral moraines indicated fluctuations, related to colder periods, that could not be clarified exactly due to lack of terminal moraines. Eyþórsson (1935) proposed that Moraine 5 was formed during a still stand of the margin because of relatively cold summers in 1920-1925. However, glaciers are generally not considered to shift from surge-type to a climatically forced non-surging glacier (Benn and Evans, 2010) . Hence, according to the observed surge behaviour of Kaldalónsjökull we suggest that Moraine 5 was formed by a surge. The glacier margin was about 100 m proximal to Moraine 5 in 1931. According to the few years' time the outlets needs to separate from a moraine and a 45-m mean annual retreat during the last quiescent phase of Kaldalónsjökull, we conclude that Moraine 5 was formed by a surge approximately AD 1920.
Surge interval, duration and LIA maximum conditions
Surge interval and duration. The surge interval of Icelandic glaciers is from c. 10 years up to more than a century. Most surging glaciers in Iceland do not experience regular surge periodicity (Björnsson et al., 2003) , demonstrating that the time span needed to recover from a surge, build up a steep profile and accumulate mass in the reservoir area before a new surge is initiated can be variable for a particular glacier.
On the other hand, surge events can be missing in the historical record. This is well demonstrated in the geomorphological record of the Drangajökull outlets, where, for example, the number of end moraines is higher than the number of historically recorded surges (Brynjólfsson et al., 2012 (Brynjólfsson et al., , 2014 . In Leirufjörður, five surges occurred in the 58-year period between ~1840 and ~1898, forming Moraine 2 to Moraine 6. About 10-year surge interval in this period is short for the glacier to recover between the surges, and contrasting to the 50-year quiescent phase of the two subsequent surges. It remains unknown if any surges occurred in the 140-year period between the surges in AD ~1700 and ~1840 of Leirufjarðarjökull. On Svalbard, more frequent surges have been related to colder conditions in the 19th and early 20th centuries, compared with the late part of the 20th century (Dowdeswell et al., 1995) . Surge interval less than 10 years is known from a few glaciers in south and central Iceland (Björnsson et al., 2003; Johnson et al., 2010) . A 40-to 50-year variation in the length of quiescent phase within the same ice caps is also known from other Icelandic surging glaciers (Björnsson et al., 2003; Þórarinsson, 1964 .
Surges of the larger ice caps in central and south Iceland, often lasting 2-3 years, start with glacier surface velocity acceleration (Björnsson et al., 2003; Fischer et al., 2003; Pálsson et al., 1992) . Subsequently, a surface bulge propagates down-glacier, and after reaching the glacier front, it results in a glacier advance of several hundred metres to some kilometres, which normally takes only 2-3 months before termination (Aðalgeirsdóttir et al., 2005; Björnsson et al., 2003) . For Drangajökull, the advances of the glacier margins took 3-6 years in the last two surges of the three surge-type outlets. This greatly contrasts with the general few months' duration of the marginal advance during surges of the bigger ice caps in central and south Iceland (Björnsson et al., 2003; Þórarinsson, 1969) . Additionally, 3 years with no or negligible retreat before the last surges of Reykjarfjarðarjökull and Kaldalónsjökull could indicate that the ice velocity in the receiving area had already accelerated and overcome the potential marginal retreat. Thus, these two surges have potentially been going on for at least 8 years. On the larger Icelandic ice caps, it generally takes 2-3 years from the first signs of increased sliding and the subsequent down-glacier propagation of a surge bulge (Björnsson et al., 2003; Sigurðsson, 1995) . Surges of at least some Icelandic glaciers start at central locations on the glaciers, with ice flow rates then accelerating both upward and downward along their longitudinal profiles (Fischer et al., 2003; Pálsson et al., 1992) . The active phase of surge turns out to be longer for smaller surging glaciers in north and northwest Iceland than for the bigger ice caps in Iceland. The advance of Búrfellsjökull, a small surge-type cirque glacier in northern Iceland, lasted for about 3 years after a surge bulge reached the margin in 2001 (Brynjólfsson et al., 2012) . For Drangajökull, it is unknown when the ice velocity accelerated, and how long it took a potential surge bulge to travel down the glacier before the marginal advance started in the recent most surges.
Apparently, the long surge duration of Drangajökull outlets is more similar to that of polythermal surging glaciers in Svalbard, where the surge mechanism is often characterized by a thermal transition (Dowdeswell et al., 1991; Jiskoot et al., 1998; Murray et al., 2003) . However, all Icelandic glaciers are warm based, and the long active phase of Drangajökull surges can therefore not be related to a surge mechanism that relies on thermal transition. The surge mechanism and propagation of a surge bulge down-glacier during surges are rather considered to be controlled by a switch between a channelized basal drainage system and a distributed drainage system (Björnsson et al., 2003) . The different substratum or climatic settings of Drangajökull compared with the other ice caps of Iceland might explain the longer surge duration. It is interesting to note that Drangajökull outlet surge recurrence has generally decreased after the LIA, particularly since the 20th century warming trend set in. This agrees with the observations of Striberger et al. (2011) , based on a more than 2000-year long surge record of Eyjabakkajökull, that it doubled its surge recurrence during the LIA. They suggested that surge periodicity of Eyjabakkajökull was forced by climatically driven mass balance changes which might be a common forcing factor for similar surge-type outlet glaciers.
Maximum conditions during LIA. The surface drawdown of the reservoir areas is often tens of metres during surges of Icelandic glaciers (Aðalgeirsdóttir et al., 2005; Björnsson et al., 2003; Jóhannesson et al., 2013) . We consider that large parts of the dramatic ice thickness change of Reykjarfjarðarjökull can be explained by drawdown of the surface, related to the surge in 1936-1939, and not only because of warmer climate in the 20th century. This is supported by the ice level observations at the Reyðarbunga nunatak (Figure 1 ). Thus the ice thickness around Reyðarbunga has increased by tens of metres during the last decades despite similar climate as in the period 1930-1960 when the main ice thinning was observed (Eyþórs-son, 1963) .
When producing the DEMs for maximum conditions during LIA, we used about 50-m ice thinning around Reyðarbunga, from 1910 until present, as an evenly distributed surface lowering for the reservoir areas since LIA maximum conditions. This is a simplification, but it gives a minimum estimate of the ice thinning and volume changes of the surging outlets since their maximum conditions in LIA. Unfortunately, calculating the ice volume loss as a proportion of the whole ice volume is not possible as the thickness of the ice cap is currently only known in a few points (Figures 2, 3 and 5; Magnússon et al., 2004) .
The surface lowering of the Drangajökull outlets reached a maximum lowering of 160-240 m, near the present marginal locations (Figure 7) . The surface area decrease of the surging glaciers was about 20-35% from maximum extent during LIA until present (Table 2) . About 34% area decrease of the whole ice cap, in the same period, is most likely overestimated, because of asynchronous maximum extent of the outlets. Those values are comparable with about 150-to 270-m outlet surface lowering since the LIA maximum conditions of non-surging glaciers that drain the southern Vatnajökull ice cap. They decreased in area by 10-30%, and individual glaciers lost about 10-50% of their volume since ~1890 . Based on a lacustrine sediment record from two non-surging outlets of the Langjökull ice cap, Larsen et al. (2013) propose two main growth phases of the ice cap during the LIA, c. AD 1400 to 1550 and c. AD 1680 to 1890.
It is difficult to reconstruct the exact timing for maximum conditions of the Drangajökull ice cap during LIA. Apparently, the three main outlets reached their maximum area, and probably thickness, asynchronously. The fine sediments and organic material that was pushed up to form Moraine 2 in Leirufjörður ( Figure  4 ) indicate a sufficiently long period with favourable conditions for vegetation growth and low energy sedimentation without disturbance from glacier advances. Framed in by their largest surges, the individual outlets of Drangajökull reached their LIA maximum extent asynchronously in the period AD ~1700-1846.
Surges and climate
External forcing such as climate does not trigger a surge directly but can alter the surge periodicity by affecting the mass accumulation of a glacier, and prevent a new surge event in terms of insufficient mass build-up in the reservoir area (Dowdeswell et al., 1995; Hewitt, 2007; Striberger et al., 2011) . However, for some glaciers in the Karakoram region, in Pakistan, the periodicity of surges seems to be consistent since the LIA, despite significant climate changes (Quincey and Luckman, 2014) .
The surge interval varies between and within the three surging outlets of Drangajökull. A longer quiescent phase, 55-60 years, in the second half of the 20th century could be considered a result of generally warmer climate compared with the 19th century (Figure 8) . Thus, longer time was needed for snow accumulation to refill the reservoir area (Eisen et al., 2001 ) because of more ablation in this period. Interestingly, all the three outlets surged during a period of relatively high average temperature in the 1930s-1940s and again around the 2000s. How or whether this could be related to increased melting and potentially more water in the englacial and subglacial meltwater systems remains unknown. Some surges are known to terminate in the melting season or during exceptionally high ablation events (Eisen et al., 2001 (Eisen et al., , 2005 . This is considered a result of increased meltwater entering from the surface and a shift from inefficient distributed subglacial drainage system to an efficient channelized system (Kamb, 1987; Kamb et al., 1985) . A strong relationship between sufficient accumulated mass over a period and surge initiations has been described from Variegated glacier in Alaska (Eisen et al., 2001) . The process leading to initiation of Drangajökull surges seems to be independent of average temperature since AD ~1800 (Figure 8) . The shorter surge distances of Kaldalónsjökull in the 1930s and Reykjarfjarðarjökull in the 2000s compared with the other surges at the same time could indicate a smaller amount of accumulated mass in the reservoir areas for driving the surge bulge down-valley (Figure 8 ).
Both decrease of the area and thinning of the surging outlets are most likely related to a generally warmer climate and thus increased melting since the early 20th century. Short data sets for precipitation in the area do not allow concrete assumptions of changed pattern for accumulation (Figure 8 ). It could be assumed that an increased percentage of the precipitation falls as rain on the glacier as the mean average temperature in Iceland has increased by 1-2°C since the LIA maximum (Figure 8 ; Guð-mundsson, 1997; Hanna et al., 2004) . Increased annual air temperature of 1-2°C has been estimated to increase the ELA by 100-150 m on valley and cirque glaciers in north Iceland (Caseldine and Stötter, 1993; Stötter et al., 1999) .
The three surging outlets show different patterns of retreat since their LIA maximum extent. The extent of Leirufjarðar-jökull remained rather stable until the turn of the 19th and 20th centuries when the average temperature started to increase (Figure 3) . Prior to Thoroddsen's exploration in 1887, the average retreat of the glacier was about 6 m per year, compared with about 17 m afterwards. The average retreat rate of Reykjarfjarðarjökull changed greatly around 1939 (Figure 2 ). In 1846-1939, its average retreat was about 17 m per year and about 32 m in . No specific change of the retreat rate of Reykjarfjarðarjökull is noted in the beginning of the 20th century. Unexpectedly, on average, Kaldalónsjökull retreated faster before the temperature rise in the early 20th century ( Figure 5 ). From 1740 to 1887, it retreated about 16 m per year, and about 9 m per year in 1887-2013. This demonstrates the importance of also considering the relationship to non-climatic factors such as topography confining the glaciers, and that fluctuations of surge-type glaciers are not well suited as a proxy for short-term climate changes (Yde and Paasche, 2010) . About 50-60 years are between the last two surges of each outlet. The interval is generally shorter in the 19th century and in the beginning of 20th century. Surges of Leirufjarðarjökull occurred with about 10-year intervals during the period AD ~1840 to ~1898. About 140 years elapsed with no surges recorded from Leirufjarðarjökull from AD ~1700 to ~1840, possibly reflecting a lack of information rather than a long quiescent phase of the glacier. • • Extent, ice thickness, and ice volume changes of the maximum surges during LIA were quantified. The surging glaciers' volumes were estimated 2.1-2.5 km 3 higher than at present, and the area has diminished by 22-34% since the maximum extent in the LIA.
Conclusion
The ice cap decreased in area from ~216 km 2 during the LIA maximum extent to 143 km 2 in 2011. Individual outlets of Drangajökull reached their LIA maximum extent asynchronously during surges in the period AD ~1700-1846. 
